Efforts to reduce immunosuppression in the solid tumor microenvironment by blocking the recruitment or polarization of tumor associated macrophages (TAM), or myeloid derived suppressor cells (MDSCs), have gained momentum in recent years. Expanding our knowledge of the immune cell types, cytokines, or recruitment factors that are associated with high-grade disease, both within the tumor and in circulation, is critical to identifying novel targets for immunotherapy. Furthermore, a better understanding of how therapeutic regimens, such as Dexamethasone (Dex), chemotherapy, and radiation, impact these factors will facilitate the design of therapies that can be targeted to the appropriate populations and retain efficacy when administered in combination with standard of care regimens. Here we perform quantitative analysis of tissue microarrays made of samples taken from grades I-III astrocytoma and glioblastoma (GBM, grade IV astrocytoma) to evaluate infiltration of myeloid markers CD163, CD68, CD33, and S100A9. Serum, flow cytometric, and Nanostring analysis allowed us to further elucidate the impact of Dex treatment on systemic biomarkers, circulating cells, and functional markers within tumor tissue. We found that common myeloid markers were elevated in Dex-treated grade I astrocytoma and GBM compared to non-neoplastic brain tissue and grade II-III astrocytomas. Cell frequencies in these samples differed significantly from those in Dex-naïve patients in a pattern that depended on tumor grade. In contrast, observed changes in serum chemokines or circulating monocytes were independent of disease state and were due to Dex treatment alone. Furthermore, these changes seen in blood were often not reflected within the tumor tissue. Conclusions: Our findings highlight the importance of considering perioperative treatment as well as disease grade when assessing novel therapeutic targets or biomarkers of disease.
Introduction
Glioblastoma (GBM), a WHO grade IV astrocytoma, is a primary brain tumor which has an extremely poor prognosis in adults, with a 5-year overall survival (OS) of 9.8% following surgery, temozolomide treatment, and radiation. 1 The infiltrative nature of tumor cells into surrounding brain tissue and distant sites makes complete microscopic surgical resection improbable and recurrence inevitable, necessitating an immune therapy that can effectively eliminate transformed cells while leaving surrounding neural and glial structures intact.
As with most solid tumors, immunotherapy for GBM has proven challenging, in large part due to the immunosuppressive tumor microenvironment (TME). Tumor associated macrophages (TAMs), accounting for~20-30% of the cells in the GBM tumor mass, 2 express soluble factors and surface molecules that prevent immune surveillance by endogenous T and NK cells, and shut down crosstalk between the adaptive and innate immune systems. [3] [4] [5] Novel therapies that circumvent this suppressive milieu by blocking the recruitment or polarization of TAMs 6, 7 are complicated by the paucity of markers that discriminate dysfunctional cells 8 and a poor understanding of the tumorderived factors that influence their phenotype or trafficking. 9, 10 Furthermore, gene expression analysis suggests that TAMs differ across grades of glioma 11, 12 and regions within heterogeneous GBM tumors, 13 although it is not clear how these factors impact TAMs phenotypically and functionally. 8 Finally, the search for systemic biomarkers in myeloid cell populations necessitates an improved delineation of the cells and proteins in circulation as they reflect the conditions of the tumor microenvironment.
Complicating efforts to generate effective myeloid-targeted experimental therapies is the treatment of glioma patients with the immunosuppressive drug Dexamethasone (Dex). Although the relationship between Dex treatment and circulating myeloid cell frequency or phenotype has been reported, 14 this variable is often overlooked in the development of novel therapeutic targets. Furthermore, though the impact of Dex treatment on immune suppression 15, 16 and survival 14 in GBM patients has been studied, it is yet unclear if these effects are systemic or restricted to the Supplemental data for this article can be accessd here.
tumor microenvironment in patients with low and high grade astrocytomas.
In this study, we sought to identify myeloid markers that distinguish low and high-grade astrocytomas and determine if they are altered by Dex treatment. Quantitative analysis of tissue microarrays (TMAs) made of samples taken from grades I-III astrocytomas and GBM were used to assess the frequency of the common myeloid markers CD163, CD68, CD33, and S100A9. We performed serum, flow cytometric, and Nanostring analysis to better understand the impact of Dex treatment on systemic biomarkers, circulating cells, and functional proteins within tumor tissue. We found that that CD163, CD68, and S100A9 frequencies were elevated in Dextreated grade I astrocytoma and GBM compared to nonneoplastic tissue and grade II-III tumors. Cell frequencies in these samples differed significantly from those in Dex-naïve patients in a tumor grade-dependent pattern. In contrast, changes in serum chemokines or circulating monocytes were often independent of disease state and were due to Dex treatment alone. Furthermore, changes in circulation were often not reflected within the tumor tissue, indicating that additional methods may be required to identify cells and proteins associated with prognosis using minimally invasive procedures. Collectively, our data suggest that the complexity of the interaction between circulating cells and those in the tumor microenvironment, as well as perioperative steroid treatment, may confound the identification of novel systemic biomarkers that are associated with prognosis and tumor burden. This may be of particular interest when prospectively or retrospectively stratifying patients participating in immunotherapy clinical trials.
Materials and methods

TMA construction
Study subjects were identified from the University of Washington medical records and Pathology database after approval from the Seattle Children's Research Institutional (SCRI) Review Board #14412. All research subjects included in the study underwent surgery at University of Washington Medical Center between 2009-2015. Human tissue was obtained at the time of surgery; neoplastic tissue from tumor resections and non-neoplastic tissue from anterior temporal lobectomies performed in chronic epilepsy patients. Following surgery formalin-fixed, paraffinembedded tissue blocks (FFPE) were made during gross dissection following tissue processing. Hematoxylin and eosin (H&E) stained slides were reviewed by a Neuropathologist at the time of initial diagnosis and again in order confirm the diagnosis before inclusion into the study. 25 glioblastomas, 25 grade II-III astroctyomas, 25 grade I pilocytic astrocytomas, and 25 non-neoplastic anterior temporal lobe tissue were identified and sampled in accordance with institutional regulatory agencies. Triplicate 1 mm tissue cores per case were harvested (two from an intratumoral region and one from either a peritumoral region in grade I astrocytomas or from the infiltrating edge in grade II-III astrocytomas) in neoplastic cases and from cortical parenchyma in non-neoplastic cases. The TMA was designed and coded by a research scientist in a randomized fashion to reduce the effect that staining artifacts and regional tissue spot loss may have on analysis. These tissue cores were arrayed into a new recipient paraffin block with a manual tissue arrayer (MTA-1; Beecher Instruments, Sun Prairie, WI To account for potential heterogeneity within the tumor, two 1.5 mm cores from each biopsy were taken to create the tissue microarray. Consecutive sections at 4 microns were generated for immunohistochemistry analyses.
IHC
Immunostaining was performed manually. PBS (pH 7.4) was used as a wash between all steps. The TMA slides were deparaffinized, and pretreated in citrate buffer (Invitrogen #005000) placed in a steamer for 20 minutes. A solution of 5% goat serum (Jackson Immuno #005-000-121) + 0.3% Triton X ("Tx", Thermo Fisher #BP151100) in PBS + Avidin/Biotin solution (Vector #SP-2001) was applied to block nonspecific protein, endogenous biotin and avidin binding sites. Antibodies were diluted in the goat serum + Tx solution, then biotin was added. The solution was applied to the slides and incubated for 1 hour at room temperature. A biotinylated anti-mouse secondary antibody (Jackson Immuno #115-067-003) was applied for 30 minutes. To visualize antibodies, the Vectastain ABC HRP kit was used (Vector #PK-4000), followed by a DAB solution (Vector #SK-4105) applied for 5 minutes. The slides were counterstained in hematoxylin, dehydrated in alcohol, cleared in xylene substitute, and cover slipped. For antibody information see Supplemental Table 1 .
Image analysis
TMA cores were imaged on the Nuance multispectral imaging system (Perkin Elmer) on a Nikon Eclipse Ci with a 10x Plan Apo lens (NA 0.45). Multispectral images were analyzed using InForm Tissue Finder Analysis software v2.3 (Perkin Elmer). Multispectral images were first spectrally unmixed into DAB and Hematoxylin components using a spectral library generated from positive control images. Images were then manually segmented for tissue area vs. blank area to determine the number of pixels in the image that represent the TMA core area. The image was further segmented into cells using the software's cell segmentation algorithm with a threshold set using the hematoxylin spectrum. These software-identified cells were then scored using a threshold set using the DAB spectrum.
For whole sections, all slides were stained, imaged and quantified together. For each case immunostaining for HLA-DR, DP, DQ and CD86 was quantified in 5 random sections of tumor, at 20X magnification. Immunostained fields were visualized and captured with a digital camera mounted on a Nikon Eclipse 80i microscope and analyzed using NISElements Advanced Research Software v4.13 (Nikon Instruments Inc., Melville, NY); consistent settings were maintained between images. No image processing was carried out prior to intensity analysis. Resulting immunostained area for HLA-DR, DP, DQ or CD86 was expressed as a percentage of the total tumor area analyzed.
Blood/serum processing
Blood was collected under SCRI Institutional Review Board (IRB) approved protocols #14982 and #14412. During surgery, 15 total milliliters (mL) of peripheral blood was drawn into BD Vacutainer Sodium Citrate Tubes (whole blood) or BD red top serum tubes for serum analysis through the intravenous lines of patients. Tubes were centrifuged at 750 xg for 5 minutes at room temperature; plasma and serum were then removed and frozen at −80C. The remaining blood product was placed in 1x Red Blood Cell (RBC) Lysis Buffer (eBioscience) at 10 mL RBC Lysis Buffer per 1 mL blood product for 10 minutes at room temperature. Lysing was stopped with 20 mL 1x Phosphate Buffered Saline (PBS) and centrifuged at 750xg for 5 minutes. The supernatant was removed and remaining peripheral blood mononuclear cell (PBMC) pellet was resuspended in PBS plus human Fc block and immunostained immediately.
Multiplex assays
Serum collected in BD Serum Tubes was thawed on ice, diluted 1:5, and used in the Bio-Rad 40-plex Human Chemokine assay according to manufacturer's instructions.
Nanostring gene expression analysis
RNA was isolated from FFPE GBM samples using High Pure FFPET RNA Isolation Kit (Roche, Indianapolis, IN). Five μL of RNA was used directly in the Human PanCancer Immune Profiling Panel (Nanostring, Seattle, WA) per the manufacturer's protocols. Nanostring nSolver software was used to normalize gene expression across samples, calculate the geometric means, fold change, and p values.
PBMC Flow Cytometry
Live cells were immunostained for flow cytometry immediately following blood processing, fixed using 100 μL of 2% paraformaldehyde for 5 minutes at room temperature. Cells were spun at 553 xg for 5 minutes, washed 3x in 200 μL PBS, and run in 100 μL volume of PBS on a five laser BD Fortessa. Data was analyzed using FlowJo 10.0 (Treestar). For antibody information see Supplemental Table 1 .
Dexamethasone flow cytometry
GM-CSF-differentiated macrophages were plated at 500K per well and treated with 0, 0.1, 1, or 10 uM dexamethasone in RPMI-1640 (Gibco) containing 10% FBS (Hyclone) for 24 hours, detached with Versene (Gibco), then analyzed immediately by flow cytometry. The following antibodies were used: CD40-BUV395, CD80-BV786, and HLA-DR/DP/DQ-FITC (BD Biosciences), HLA-ABC-Pacific blue, CD86-BV605, CD163-PerCPCy5.5, PD-L1-PE, and CCR2-PECy7 (BioLegend). For washout experiments, macrophages were treated with 0.1 uM dexamethasone for 24 hours, then standard RPMI-1640 with 10% FBS added for an additional 6 days prior to flow cytometry.
Cortisol ELISA
Cortisol was detected in serum samples from healthy donors and grade I-IV astrocytoma patients being treated or not with Dexamethasone at the time of sample collection. Cortisol ELISA kit was purchased from Eagle Bioscience and manufacturer's protocols followed. Data was analyzed in Graphpad.
Human subjects
Blood and tumor tissue was collected from brain tumor patients who signed our Brain Tumor Bank acquisition consent form. Data is only correlated with pathology of tumor diagnosis, and steroid treatment, and identifying data was not collected for these experiments. All use of human subject 
Statistics
Unless otherwise stated, results were analyzed with Prism software (GraphPad), using student's T test, or one-way ANOVA followed by Tukey's multiple comparisons test comparing differences across all samples. For non-parametric TMA data we used the Mann-Whitney test (for two comparisons) or Kruskal-Wallace ANOVA (for multiple comparisons) followed by Dunn's multiple comparisons test comparing differences across all samples. Statistical significance is denoted with an asterisk where * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
Results
CD163 is elevated in grades i and IV astrocytoma
CD163, a common maker of tumor associated myeloid cells (TAMs), 17 functions as a hemoglobin-haptoglobin scavenger receptor, and is up-regulated on the surface of macrophages, monocytes, and microglia in response to anti-inflammatory cytokines such as IL-10, 18, 19 and glucocorticoids such as Dex. [20] [21] [22] A recent study evaluating grades II-IV astrocytomas demonstrates that CD163 mRNA expression increases with increasing grade of astrocytoma, and that CD163+ cells produce IL-10 in the GBM tumor microenvironment. 23 Furthermore, this report suggests that CD163 could be used as a prognostic indicator for grade III astroctyomas. Given the described import of CD163 positive cells as a source of immune-modulatory factors and a potential prognostic marker, we sought to determine whether the observed mRNA expression was reflected at the protein level or if this trend extended to grade I astrocytoma. We immunostained sections from four TMAs comprised of cores taken from non-neoplastic brain tissue, grade I, grade II-III astrocytoma (20% isocitrate dehydrogenase (IDH-1 (R132H) wild-type, 46% IDH-1 (R132H) mutant, 34% not otherwise specified), and IDH-1 (R132H) mutant, 34% not otherwise specified), and IDH wild type GBM. Sections for these analyses were serial, with cores selected from two locations per patient-one from peritumoral and one from a central region based on neuropathology review. Regions were selected for areas with limited necrosis and high cellularity. Unless otherwise stated, tumors were resected from patients who were treated with Dexamethasone (Dex) prior to surgery. Quantitative image analysis was performed to determine the percent of total cells staining positive for CD163, and number of CD163 + cells per square millimeter using InForm software ( Figure 1A ). Of note, CD163 staining was restricted to perivascular cells in non-neoplastic tissue ( Figure 1A ), but was distributed throughout the tissue of astrocytomas. When compared to non-neoplastic tissue, we found that CD163 staining was elevated in grade I and GBM when calculated as either percent of total cells (median = 30.9% and 15.6% respectively) or cells per square millimeter (Figure 1B-C). To our surprise, samples in the grade II-III TMA were not significantly different than those in the non-neoplastic tissue TMA, but had significantly fewer CD163+ cells than either grade I or GBM ( Figure 1B , C). Compared to GBM, which has an overall 5-year survival of 9.8%, 1 patients diagnosed with grade I pilocytic astrocytoma have a favorable outcome: 96.5% 5-year survival in patients 5-19, and 52.9% in patients over 60. 24 While future studies with larger cohorts will be needed to confirm these findings, this data indicates that although accumulation of CD163 expressing cells may predict survival within grade III patient populations, 23 it does not correlate with prognosis across all grades. Further, these data suggest that CD163 expression itself is not indicative of TAM functions in astrocytoma patients.
Unlike the grade II-III and GBM TMAs that are comprised of tumors from adult patients, the grade I pilocytic astrocytoma TMA represents patients age 6 to 77. To determine whether immune system maturity influenced the distribution of CD163 infiltration seen in Figure 1B , or if this marker correlated with the lower survival rates seen in adult patients,- 24 we represented CD163 positivity as a function of age, but found no relationship between the two factors ( Figure 1D) .
One of the greatest prognostic indicators among grades II-III astrocytomas is IDH1/2 mutation status. Though IDH wild-type grade II-III astrocytomas are rare, making up only 21.6% of patients, 25 their prognosis is poor with an overall survival of 31.8 vs 63.8 months for those with IDH mutant tumors (comparison made among TERT promoter wild type individuals). 26 The mutation status of gliomas is also associated with effects on the immune landscape of the tumor microenvironment, suggesting an impact on TAM protein expression in patient tumors. 27 A comparison of cores from IDH wild type and mutant tumors from our grade II-III TMA showed a slight increase in percentage of CD163 expressing cells in the IDH wild-type population ( Figure 1E ). Although it is tempting to speculate that CD163 infiltration may be associated with a poorer prognosis among these patients, the small sample size of wild type tumors (N = 3) precludes this conclusion and will be addressed in future studies evaluating a larger sample size. Recent WHO guidelines suggest that among IDH mutant astrocytomas, there may be little prognostic difference between grades II and III, 28 a finding supported by the consistency of CD163 expressing cells in IDH mutant grade II and III astrocytomas ( Figure 1F ).
Impact of dexamethasone on CD163 infiltration is tumor grade-dependent
Corticosteroids such as Dexamethasone (Dex) are commonly used pre-and post-operatively to control cerebral edema. 14 Although glucocorticoid signaling increases expression of CD163 on myeloid cells, 22, 29 the effects on accumulation of CD163+ cells in tumor tissue are less well understood. Recent work suggests that variation in the expression of macrophage immune modulatory proteins is more critical to disease progression than macrophage accumulation within the tumor. 30 Supporting this study, we found that only grade I astrocytoma patients treated with Dex had increased accumulation of CD163 expressing cells when comparing Dex-treated samples with those from untreated non-neoplastic tissue or low-grade astrocytoma patients (Figure 2A -C). Although there exists an association, to date it is not clear whether CD163+ cells infiltrate tumor tissue, necessitating Dex administration, or if Dex administration increases CD163+ cell accumulation. Because surgical resection of tumor from GBM patients without preoperative Dex treatment is rare, our TMAs were constructed exclusively from tumors isolated from GBM patients recently (within 7 days) treated with steroids. To evaluate patients who had not been treated with steroids, we acquired freshly resected tumors from newly diagnosed GBM patients either treated with Dex or not (N = 8 each). Tumors were formalin fixed, paraffin embedded, sectioned and stained for CD163 according to the methods used for TMA analysis. We imaged four random 10x fields from each section, avoiding areas of necrosis, and found a significant increase in the percent of CD163+ cells in the steroid naïve patient samples (median = 12.8% Dex-treated vs 18.9% untreated, p < 0.05) ( Figure 2D ), suggesting that the impact of Dex on CD163 accumulation in the tumor is dependent on tumor grade. Although the TMA samples in Figure 2A -C and the whole GBM tissue sections in Figure 2D cannot be directly compared, it is important to point out that among Dex-naïve samples, the infiltration of CD163+ cells increases with increasing tumor grade (medians: non-neoplastic tissue = 0.9%, grade I = 1.1%, grade II-III = 3.8%, and GBM = 18.9%) (Figure 2A-D) .
CD68, CD33, S100A9 are not associated with high grade disease CD68, a marker of both pro-and anti-inflammatory macrophages, 17 exhibited a similar pattern to CD163 in that it was also elevated in grade I and GBM tumors when compared to non-neoplastic brain tissue and grade II-III astrocytoma ( Figure 3A) .
Although the levels of CD68 and CD163 staining were comparable in GBM tissue (18.0% vs 15.6% respectively), in non-neoplastic tissue, the median for CD68 was 16.6 times higher than that for CD163 (8.3% CD68+ vs 0.5% CD163+), suggesting that the markers are non-redundant, and that CD68 may have stained CD163 negative tissue resident myeloid cells. A higher ratio of CD68 to CD163 (representing pro-inflammatory "M1" functions) has been associated with a favorable outcome in response to ipilimumab treatment in melanoma patients. 31 Here we calculated the ratio of CD163 to CD68 as a measure of skewing toward an anti-inflammatory, "M2" phenotype. Unexpectedly, we see that this ratio is highest in grade I astrocytoma (CD163:CD68 median = 1.4) ( Figure 3B ) indicating that these two markers together cannot predict prognosis when comparing across grades. Consistent with the pattern observed for CD163 ( Figure 2B ), CD68 frequency also increased in Dex-treated grade I tumors compared to those from Dex-naïve patients ( Figure 3C ). This suggests that Dex-treatment may not simply up-regulate CD163 on cells infiltrating tumor tissue, but instead either promotes myeloid cell accumulation in grade I tumors or is required to reduce edema in patients grade I tumors that accumulate CD163+ cells through other, as yet defined, mechanisms. This effect was not found in nonneoplastic tissue tissue or grade II-III tumors where Dex had no impact on either CD163 (Figure 2A , C) or CD68 (Supp Figure 1A, B) .
Myeloid derived suppressor cells (MDSCs) are a heterogeneous population of immature cells from the myeloid lineage that are associated with immune suppression and tumor progression [32] [33] [34] [35] [36] In blood, these cells are described as polymorphonuclear (PMN-MDSC) CD14-/CD11b +/CD15+/CD33dim (separated from PMNs in the low density fraction of a centrifugation gradient), or monocytic (M-MDSC) CD11b+/CD14+/HLA-DR low/-/CD15- 37 . In tissue, it is difficult to distinguish between PMNs, or monocytes, and MDSCs. CD33 does not discriminate between MDSCs, macrophages, dendritic cells or other myeloid cells.
38 S100A9, a protein expressed in non-terminally differentiated myeloid cells, 39 may exclude some dendritic cells and macrophages, but is present on subsets of monocytes, neutrophils, as well as MDSCs. 37 With these limitations in mind, we stained TMAs for CD33 and S100A9 expression to determine if these markers were associated with tumor grade. We found that the percentage of cells staining for CD33 was not significantly elevated in any grade of astrocytoma compared to nonneoplastic tissue ( Figure 3D ), nor was this marker influenced by Dex-treatment (Supp Figure 1C-E) . S100A9 staining was elevated in grade I and GBM tumors relative to grade II-III astrocytoma, but not when compared to non-neoplastic tissue ( Figure 3E ). Steroid treated grade I astrocytoma patients also had increased S100A9 staining ( Figure 3F ), which was not found in patients with either non-neoplastic tissue or grade II-III (Supp Figure 1F, primarily restricted to blood vessels ( Figure 3G , left panels). In contrast, S100A9 marked both cells contained within the vasculature and tumor infiltrating cells ( Figure 3G , right panels), suggesting that within GBM, S100A9 staining is identifying cells of the monocyte lineage. 
Chemokine levels are influenced by dex-treatment
Given the accumulation of myeloid cells in GBM tumor tissue, we hypothesized that myeloid recruitment factors secreted by tumor cells [40] [41] [42] [43] would be elevated in patient serum. We assayed serum from 14 healthy donors, 17 Dextreated GBM patients, and 8 steroid naïve GBM patients using the BioRad Bioplex human chemokine array, which quantifies 40 soluble analytes. Surprisingly, we found that the only significant differences in concentrations of serum analytes were attributable to steroid treatment. As reported previously, we saw Dex-dependent suppression of IP-10 (CXCL10) and 
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, 16 in addition to 6Ckine, CTACK, MDC, and SDF1a/b ( Figure 4A, Supp Figure 2A ). The only Dex-elevated protein was MPIF-1 (CCL23) ( Figure 4A ).
The Dex-dependent decrease, and similarity of healthy donor and GBM serum levels of MCP-1 have been seen before, 16 but the relationship between serum levels and tumor tissue expression is not clear. MCP-1 is often reported as a key tumor-derived factor responsible for myeloid cell accumulation. 40, 44, 45 These studies have led to the proposal of MCP-1 blockade as a treatment for GBM. 46, 47 A detailed examination of human gliomas demonstrated that MCP-3, not MCP-1 correlates with myeloid cell accumulation in glioblastoma, 48 calling into question the utility of MCP-1 inhibition in preventing TAM infiltration.
To determine if MCP-1 is elevated in GBM, potentially generating a chemokine gradient for myeloid cell recruitment, or if its expression relates to myeloid infiltration in astrocytoma, we performed quantitative analysis of Dex-treated samples and found that MCP-1 expression was highest in grade I and GBM, but only statistically different between grades II-III and GBM (Figure 4B-D) . Consistent with other quantitative analyses of human glioma samples, 48 we saw no correlation between the percentage of cells staining for CD163 and MCP-1 in either grade I or GBM tumors ( Figure 4E, F) .
It has been demonstrated in non-neoplastic patients that Dex up-regulates CCR2, a receptor for MCP-1, and increases the migratory response of human monocytes. 49, 50 This suggests that a Dex-dependent decrease in serum MCP-1 may be compensated for by an increase in CCR2. Consistent with this, flow cytometric analysis of circulating monocytes revealed that Dexnaïve GBM patients have fewer CCR2+ cells, but Dex treatment restored CCR2 frequencies to those seen in healthy donors ( Figure 4G ). In spite of the observed Dex-induced increase in CCR2+ monocytes, the correlation data in Figure 4F suggests that there exists another, possibly redundant mechanism for myeloid recruitment to human GBM. Surprisingly, we found that Dex-treatment significantly suppressed MCP-1 expression in non-neoplastic tissue (median = 0.6% vs 4.6%) (Figure 4H ), amplified MCP-1 expression in grade I tumors (median = 1.6% vs 0.24%) ( Figure 4I ), but had no impact on MCP-1 expression in grade II-III astrocytomas ( Figure 4J ). These observations support the hypothesis that clinical diagnosis or other variables not considered in this study can result in varied effects of Dex-treatment on the tumor microenvironment. 51 It is well-established that dexamethasone treatment reduces plasma cortisol levels in healthy individuals, but baseline cortisol levels may be altered in neoplastic patients. 51 To determine if the observed variations in Dex-mediated effects between tumor grade can be attributed to cortisol levels, we performed ELISA analysis on serum collected from healthy donors, or from Dex-treated or Dex-naïve glioma patients. While serum from grades I and II Dex-naïve patients trended lower for cortisol levels, there was no significant difference between groups (Supp Figure 2B) . As expected, all samples from Dex-treated patients had undetectable levels of cortisol.
Multiple myeloid-related genes are altered by dextreatment in GBM tumors
Given that Dex treatment altered CD163 infiltration ( Figure 2D ) and serum chemokine levels ( Figure 4A ) in GBM patients, we sought to determine the effects of steroid treatment on other immune modulating factors, particularly those related to myeloid cell function in the tumor microenvironment. We performed Nanostring RNA expression analysis using the Pan Cancer Immune panel on FFPE tumor tissue resected from newly diagnosed GBM patients that had been treated with Dex (n = 5) or not (n = 4). To minimize the effects of variance in CD163 positive cell accumulation and cell death on our analysis, we selected non-necrotic tissue with comparable CD163 infiltration (Supp. Figure 3A) . Consistent with this image analysis, Nanostring analysis revealed no change in CD163 or CD68 transcript across these samples (Supplemental Table 2 ). We found that 70 genes were decreased in Dex-treated patient tumor tissue, including genes involved in myeloid cell differentiation and recruitment (MCSF, CSF1R), and antigen presentation (HLA-DR, DP, DQ; CD86) (Table 1) . Surprisingly, we saw downregulation of genes for chemokines Fractalkine (CX3CL1) and CXCL16 (Table 1) , that was not reflected in the serum analysis (Supp Figure 2) . Conversely, serum proteins determined to be Dex-regulated by Bioplex, MCP-1 (CCL2), SDF-1 (CXCL12), or IP-10 (CXCL10), were unchanged at the mRNA level in tissue (Supplemental Table 2 ), Whether this was due to the biased sample selection, or the fact that Dextreatment does not impact expression of these genes within tumor tissue is unclear. Regardless, these findings highlight that changes in key soluble factors in GBM tumors are not necessarily reflected in circulation.
Few immune-related genes are altered in recurrent GBM tumors
To determine the impact of prior resection, or chemotherapy, and radiation treatment on immune factors in the GBM TME we performed the same Nanostring analysis comparing patients with newly diagnosed disease to those with recurrent GBM who had not been given steroids for at least 2 weeks prior). Despite a slight increase in CD163 staining in recurrent tumors (Supp Figure 3B) , we found significant differences in the expression of just 8 genes (Table 2) , including HAMP, a protein necessary for iron storage in macrophages.
MHC-II and CD86 protein levels are unchanged by preoperative dex-treatment
Antigen presentation by macrophages and microglia to T cells is critical for activation of an anti-tumor immune response.
Having found decreased expression of proteins critical to this process in our Dex-focused Nanostring analysis (Table 1) , we immunostained GBM tissue sections for CD86 and MHC class II. Inconsistent with our Nanostring analysis, we saw no change in the percent area positive for either marker in GBM tissue, regardless of Dex treatment ( Figure 5A, B) . Explanations for this observation include the insensitivity of IHC staining of fixed tumor tissues that may yield a false negative of variation in protein expression, despite having a functional impact on antigen presentation and T cell activation, as well as port-transcriptional regulation of protein expression that has been demonstrated for other immune activating proteins such as IFNγ. 52 Of note, immunofluorescent staining revealed that HLA-DR, DP, DQ expression was restricted to CD163+ cells, and not GFAP+ astrocytes within GBM tumors ( Figure 5C ).
Dex-treatment, but not tumor grade, influences circulating monocyte phenotype
To determine whether steroid treatment impacts protein expression in circulating monocytes, we ran flow cytometry on freshly isolated, RBC-lysed blood from healthy donors (HD), and patients with low or high-grade gliomas. Dexdependent enrichment of the HLA-DR low/-monocyte population has been shown previously in patients with GBM. 16 Here we confirm these findings and show that HLA-DR/DP/ DQ loss in Dex-treated patients is independent of disease grade ( Figure 6A) . Consistent with the fact that the gene for CD163 is glucocorticoid-regulated, 18, 22, 29 we found that CD163 was expressed on a higher percentage of circulating CD14+ monocytes in Dex-treated low and high-grade glioma patients ( Figure 6B ). In contrast, we see no change in the frequency of the commonly used MDSC marker CD33 ( Figure 6C ) or the T cell suppressive marker PD-L1 ( Figure 6D ), indicating that Dex doesn't universally suppress surface protein expression, but may have specific targets. Collectively, these data suggest that many of the monocytic markers associated with immunosuppressive functions in tumor patients may be independent of disease grade, but instead may be caused by perioperative steroid treatment. For example, patients on concomitant steroid treatment may have artifactual reduction in MHC class II expression, a hallmark for monocytic myeloid derived suppressor cells. 
Dex-treatment suppresses expression of myeloid markers in vitro
To determine if steroid treatment would universally impact terminally differentiated myeloid cell phenotype independently of disease, we differentiated macrophages from monocytes isolated from 3 healthy donors using previously described methods 53 and treated them for 24 hours with 0.1, 1, 10 μM Dex. Dexamethasone concentrations were selected based on previously reported concentrations in serum and tissues of cancer patients using HPLC. 16 Flow cytometry analysis revealed that the decreases in MHC-II expression found in Dex-treated GBM tumors (Table 1 ) and monocytes isolated from Dex-treated patients ( Figure 6A ) could be reproduced in healthy donor macrophages following steroid treatment ( Figure 7A) . Similarly, steroid treatment in vitro was sufficient to induce a decrease in other components of antigen presentation including CD86, CD80, CD40, HLA-ABC (MHC-I), as well as the MCP-1 receptor CCR2 (Figure 7B-F) . Interestingly, PD-L1 expression was also decreased on in vitro Dex-treated macrophages ( Figure 7G ). As with circulating monocytes isolated from steroid treated patients, CD163 was up-regulated in macrophages, although this observation was consistent in only 2 of 3 healthy donors ( Figure 7H ), suggesting that there may be variability in donor-dependent responsiveness to this drug. Taken together these data indicate that in vitro Dex treatment is sufficient to recapitulate our clinical observation.
To determine if the impact of steroids on myeloid cell phenotype is permanent or reversible, we performed a washout experiment where GM-CSF-differentiated macrophages were treated for 24 hours with dexamethasone, then allowed to recover in growth media for six days. Cells were then analyzed by flow cytometry for the surface markers above. We found that HLA-DR DP DQ, CD86, CD80, CD40, CCR2, PD-L1 all returned to pre-treatment levels following wash out, whereas CD163 expression remained elevated (Figure 8 ). Collectively our findings support the need to stratify patients participating in immune modulating therapies, as well as to improve methods to delineate myeloid cell subsets that are linked to immunosuppression and disease progression when seeking therapeutic targets.
Discussion
The plasticity of monocytes and macrophages in the circulation and tumor microenvironment of solid tumor patients has been described in recent years, following several successes in immunotherapy clinical trials that indicate the importance of myeloid cell activation in supporting antitumor immune responses. [54] [55] [56] [57] [58] [59] [60] [61] Assessment of myeloid cell phenotypic surface markers may have utility in the fields of novel immunotherapy target identification, 6 as well as biomarker discovery to reflect therapeutic efficacy, tumor burden, or treatment failure. Recent literature characterizing cells of the myeloid lineage in cancer patients and animal models highlights their phenotypic and functional variability, 6 including those characterized as myeloid derived suppressor cells 33 and differentiated macrophages. 62, 63 To our surprise, we didn't find significant differences in the expression of the canonical MDSC marker CD33 either in circulation or in the tumor microenvironment. Although typically used to define immunosuppressive TAMs, we find that the number of cells expressing CD163 in glioma tissue is significantly increased in patients with both grade I astrocytoma and GBM. This is supported by previous findings showing that the number of tumor associated macrophages may be less significant than their gene expression and corresponding functions, 64, 65 and suggests that identification of additional markers is required to define a phenotype associated with immunosuppressive functions. This model is supported by the various redundant mechanisms of immunosuppression in the TME, including soluble GBM tumor cell derived factors such as TGFβ, 66 LDH5, 5 IL-10, 67 and IDO. 68 Surface proteins including PD-L1, 69 and decreased MHC Class I expression on tumor cells 70 that likely influence TAM phenotypes and functions independently of CD163 expression are found in GBM, but not in the tumors of patients with low-grade gliomas.
In this study, we also describe the effects of the frequently administered steroid, dexamethasone, on circulating monocytes and tumor infiltrating macrophages in patients with glioma. In the interest of identifying clinical trial candidates most likely to benefit from immunotherapies, we hypothesized that dexamethasone, which is used to reduce swelling caused by local inflammation or edema prior to surgical resection of gliomas, likely affected circulating and infiltrating myeloid cell functions. While future studies with larger patient groups will be needed to confirm these findings, we show that Dex treatment suppressed the expression of MHC class II (HLA-DR) at the transcriptional and protein level. Given that this is a surface marker whose absence and low expression is typically used to define MDSCs, 37 this suggests that myeloid plasticity, and transient suppression of MHC class II in response to steroids, could result in a false positive in quantification of MDSCs that are not functionally suppressive. We also found that several serum proteins and monocyte surface markers that may be candidates for biomarkers in circulation were affected by steroid treatment as opposed to tumor grade in glioma patients, suggesting that steroids may impact responsiveness to cutting edge immunotherapy approaches. Wehave shown that the impact of dexamethasone on myeloid cell phenotype is reversible suggesting any compromise on immunotherapeutic interventions may be avoided by limiting steroid treatment to the peri-operative window. Additionally, alternative approaches to treating cerebral edema, such as the use of VEGF antagonists, are being explored and may improve survival in glioblastoma patients when co-administered with other therapies 14 The CCR2-MCP-1 axis has long been defined as the mechanism for monocyte recruitment from the bone marrow to the tumor microenvironment. 40 In glioma patients receiving steroid treatment, however, it seems likely that additional mechanisms for recruitment exist, as tumor samples analyzed by IHC did not show increased CCL2/MCP-1 expression, nor did serum analysis reveal elevated CCL2/MCP-1, although the short half -life and rapid internalization of CCL-2 may make it difficult to readily detect in patient sera. In patients with GBM, it is also possible that recruitment to the tumor site is in part the result of tissue resident myeloid cells, such as microglia, endothelial cells, or other infiltrating leukocytes that promote the accumulation of functionally suppressive macrophages in the microenvironment of patients with GBM. Finally, it is not clear whether monocyte and macrophage accumulation is continuous. Several studies seeking to eliminate tumor-associated macrophages suggest that the process is dynamic, in which tumor associated macrophages are rapidly replaced by continuously infiltrating monocytes that differentiate in situ. The longevity of tissue resident macrophages, however, may suggest a different model in which tumor associated macrophage accumulation is dependent on filling a niche early in tumorigenesis. Following establishment of a resident population sufficient to support tumor growth, vascularization, and diffusion, active recruitment wanes until additional resources are needed to support tumor growth.
It is important to note that despite the impact of steroids on many of the canonical phenotypic markers associated with suppressive functions of macrophages, including molecules important for activating T cells, such as HLA-DR and activating costimulatory proteins, we do not propose that dexamethasone treatment alone suppresses pro-inflammatory macrophage functions in GBM patients. As shown in Figure 1E , and described previously, 71 the IDH mutation status is a known regulator of gene expression in the tumor microenvironment of glioma patients. Additionally, a defining pathological feature of GBM tumors is necrosis, 72 which is associated with neutrophil accumulation. 73 As short-lived polymorphonuclear cells, neutrophils are well-established modulators of macrophage functions in non-oncologic immune responses. Specifically, ingestion of neutrophils in areas of necrosis delivers feedback to local macrophages that immune responses have caused tissue damage that needs repair. Given their role in promoting macrophage wound healing phenotypes and functions, we hypothesize that necrotic areas in GBM tumors and the associated signaling cascades that they activate also contribute to the complex interactions between tumor, immune, and stromal cells in gliomas.
The impact of dexamethasone on macrophage functions is not entirely surprising given the known mechanisms of steroid activity, including chromatin remodeling, gene specificity, and duration of effects. 20, 21, 74 The effects described in this study are timely, and have a potential impact on GBM treatment, given the recent development of several immunotherapy approaches predicated on activation of innate immune cell functions, including macrophages that reside within the tumor microenvironment. As a result of the transient nature and reversibility of steroid mediated immune suppression, as well as the plasticity of macrophages found in the tumor microenvironment, patients on steroids are likely good candidates for immunotherapy approaches if weaning below immunomodulatory doses are included in the clinical protocols to restore the antigen presentation and immune activating functions of monocytes and macrophages in patients with gliomas. The involvement of macrophages in supporting immune cell activation and functions in the tumor microenvironment suggest that the consideration of peri-operative treatments and concomitant therapies of patients may therefore enhance efficacy of existing experimental immunotherapies, including checkpoint blockades, recombinant protein immune cell activators, and adoptively transferred, genetically modified NK and T cells. 
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